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Abstract 
Disk Pressure Tests on polycrystalline Armco iron flat samples provided fracture pressure 
values within a wide range of applied hydrogen pressure rise rates. FE simulations of the disk 
bulging and hydrogen transport before fracture have been performed assuming isotropic 
elastoplasticity. The diffusive and trapped hydrogen concentrations fields in the zone of 
interest for failure show the effect of the applied pressure rise rate on the coupling between 
plastic strain and hydrogen transport, and permit to deduce a phenomenological relationship 
between the failure stress and the hydrogen concentration, as a first approximation to model 
the embrittlement process. Submodelling with 3D synthetic polycrystals, obeying crystal 
plasticity, permits to exhibit statistically the effects of local heterogeneities on the hydrogen 
distribution, and their consequences on the phenomenological failure stress evolution with the 
hydrogen content.  
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1 Introduction 
Hydrogen embrittlement (HE) is a severe risk of failure of metallic structures, especially for 
hydrogen transportation and storage. In the context of sheet metal forming, HE may occur 
during complex mechanical loading, due to the concomitant effect of the macroscopic 
boundary conditions, anisotropic crystal plasticity, and local heterogeneities. Hydrogen 
transport, assisted by stress fields and hindered by trapping by dislocations [1], has 
consequently to be considered at different scales for reliable finite element simulations of the 
risk of embrittlement. 
To study metallic structures reliability while submitted to gaseous hydrogen pressure, the 
Disk Pressure Test [2] permits to approach realistic conditions with a laboratory test. This 
specific mechanical test, hereafter called DPT, has been developed to select materials for 
hydrogen storage applications. In this test, a thin metallic disk is bulged out until fracture by 
gas pressure. The ratio of failure pressures under H2 and a neutral gas (usually He) is used as a 
phenomenological index of HE in technical standardization [3,4]. Beyond this applicative 
purpose, the DPT is an interesting challenge for numerical simulations, since it is a severe 
initial and value boundary problem involving simultaneously applied stress boundary 
conditions, hydrogen transport and trapping, and leading to large plastic strain fields and 
hydrogen concentration evolution in the same zone of interest. Simulations of such conditions 
are also interesting to analyze the phenomena of hydrogen induced blistering [5,6], which is 
one of the experimental evidence of HE, involving local bulging under hydrogen pressure.   
In a previous work [2], finite element simulation of the DPT has been proposed, including a 
hydrogen-dependent cohesive zone approach to describe pressure fracture under hydrogen 
gas. Computations have been made at the macroscopic level, assuming isotropic standard 
elastoplasticity and hydrogen standard Fick diffusion, which are very rough approximations 
both of material behavior and of hydrogen transport. Accounting for stress-driven diffusion 
and hydrogen trapping by dislocations, the Krom equation [1,7,8] was implemented in 
Abaqus code to better describe, though phenomenologically, hydrogen-materials interactions, 
and was successfully applied to high strength steels for hydrogen cylinders [9,10]. Some 
submodelling attempts have been made in the zone of interest, using virtual microstructures 
far from being realistic for the considered bainitic material. Moreover, in these works, only 
one value of applied pressure rise rate was considered, while several characteristic times are 
expected to interact during disk bulging because of concomitant hydrogen transport and 
mechanical loading. In the Krom equation, based on Oriani’s equilibrium assumption [11], 
only instantaneous trapping is accounted for, whereas trapping and detrapping kinetics may 
control the physical hydrogen-material interactions [12]. In a recent work [13,14], transient 
trapping was implemented in Abaqus code, using an analytical approximation of the McNabb 
and Foster equation, and was proved to be efficient for 3D simulations [15].   
In this context, the objective of this work are (i) to analyze numerically the relative influence 
of different characteristic times (mechanical loading, diffusion, trapping process) on the 
hydrogen concentration fields in the disk during its bulging under hydrogen gas, (ii) to 
propose a phenomenological hydrogen dependent stress-driven criteria for the brittle failure 
initiation, and (iii) to discuss the effect of material behavior, including the polycrystalline 
scale. 
Armco iron was considered in the study to benefit from hydrogen-related parameters available 
in the literature for simulations, and to deal with realistic virtual polycrystalline aggregates for 
single-phase material. Finite element simulations of the DPT have been made up to the 
experimental pressure values for fracture under hydrogen. Assuming HE by a mode-I fracture, 
a relationship is proposed between a critical maximal stress and the mean hydrogen 
concentration in the zone of interest for fracture in the disk, from inverse identification using 
experimental fracture pressures in the DPT from various pressure rise rate values.  
Computations have been performed first at the macroscopic scale assuming isotropic material 
behavior, then 3D submodeling on polycrystal aggregates obeying crystal plasticity have been 
made to analyze statistically the effect of crystal anisotropy on the mechanical and hydrogen 
concentration fields in the zone of interest (ZoI) for fracture, and the potential consequence 
for the risk of failure. The paper is organized as follow: first the experimental data are 
presented, then the most salient equations for hydrogen transport are summarized, followed 
by the FE simulations at the macroscopic and at the polycrystal scales. 
2 Experimental results from DPT and tensile tests 
Armco© iron was used for the study. Samples for tensile tests and DPT were cut off from the 
as-provided annealed cold-rolled sheet of 1 mm thickness. 
2.1 DPT tests 
Samples for DPT were 55 mm wide. The central zone of the disk with diameter 26.5 mm is 
submitted to hydrogen pressure, while the outer part is blocked by the clamping device. In the 
zone of interest for HE, located close to the clamping area, the metal is bent over the upper 
flange of radius 0.5 mm (see [2] for the general configuration of the test). The DPT tests were 
performed following the specified procedures [3,4], with a constant applied pressure rise rate 𝑃 in the range [0.001-25 MPa/s]. Figure 1 shows the variation with applied pressure rise rate 
of the failure pressure 𝑃! during the DPT test under helium or hydrogen gas. Despite a rather 
low hydrogen sensitivity when referring to the HE index value (around 1.1), which is not 
surprising for pure iron compared to high strength steels [10,16], the results clearly show a net 
decrease of the fracture pressure under hydrogen for a large  𝑃 range, typically from 3×10-3 to 
20 MPa/s.  
Fracture always occurred from the same disk area, located in front of the upper flange, which 
defined the zone of interest (ZoI) for fracture (see below, Figure 4a) – as observed for DPT on 
other materials [2]. SEM observations of the fracture surfaces confirmed HE occurrence in the 
disks broken under hydrogen: typical flat areas with brittle-like aspect are presented in Figure 
2. 
 
Figure 1. DPT results under He and H2 gas for selected applied pressure rise rates. The dashed green line point 
out shows the domain of strain rate-independency according tensile test for strain-rates predicted by FE 
simulation of the DPT (see Section 3). 
 
Figure 2.  Brittle-like fracture surface of a disk after DPT at 1.5 MPa/s. 𝑃𝐹=40 MPa. 
It can be noticed from Figure 1 that HE appears to vanish both for the lowest and the highest 𝑃 values. 
For the lowest pressure rates, due to the test duration, contamination of the sample surface by 
some inherent residual impurities of the gas [17,18] could prevent hydrogen diffusion in the 
sample bulk, such as the development of a thin oxide layer [19,20] depending on the partial 
oxygen pressure. This phenomenon needs further investigations, beyond the scope of the 
present study. On the opposite, at high pressure rates, hydrogen diffusion is expected to be 
less efficient during the short duration of plastic bulging, consistently with a lowering of HE.  
The values of failure pressure under He gas increase roughly linearly with 𝑃 (with a global 
variation range lower than 20%), suggesting rate effects on the DPT. Such an increase of 
failure pressure with pressure rate was observed in several works on DPT, for different 
materials [3,17,21], without any clear link with material viscosity. In all cases, the salient 
feature of the test is that hydrogen embrittlement is evidenced by different failure pressure 
values between He and H2. 
Non strain-rate dependent 
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2.2 Tensile tests 
In the present study, tensile tests were performed in the available range [10-4-10-1 s-1]. The 
tensile curves are presented in Figure 3. 
 
Figure 3. Experimental tensile curves.  
In the range [10-4-10-2 s-1], the material can be considered non-strain rate dependent, except 
the Lüders phenomena at the very beginning of the hardening curve, which was neglected in 
the present work. For larger applied 𝜀, strain-rate sensitivity is evidenced, consistently with 
literature [22]; it is worth noting that in the whole investigated range, the applied strain rate 
does not affect the ultimate stress value.. 
In the following, the material is considered as elastic-plastic in the FE simulations of the disk 
bulging for sake of simplicity. Only standard plasticity is used, even if promising results on 
hydrogen concentration have been obtained in recent works using strain-gradient plasticity 
[23] in a small-scale yielding configuration. The influence of hydrogen on mechanical 
behavior was not considered. 
However attention is paid to the strain-rate distribution encountered in the zone of interest 
during bulging under various applied pressure rates (see below Figure 5), and the influence of 
yield stress is considered through sensitivity analysis of the results (see section 5.2).  
Isotropic hardening was described by a Voce-type hardening law: 
 𝜎! = 𝜎! + 𝑅!"#  (1− 𝑒!!!!)	   (1) 
where 𝜀! is the equivalent plastic strain. From the tensile curves corresponding to the non-rate 
dependent sensitivity range in Figure 1, the following set of parameters was identified: 𝜎!=232 MPa, 𝑅!"#=550 MPa and 𝐶=1.4. 
Two other 𝜎! values, respectively equal to 202 and 260 MPa were also used, corresponding to 
a 25% global variation, for purpose of sensitivity analysis.  
Isotropic elasticity was described with Young modulus 𝐸=210 GPa and the Poisson ratio 𝜈=0.3. 
3 2D axisymmetric simulations with isotropic material behavior 
2D axisymmetric computations of the disk bulging were made with 11600 bilinear elements, 
for each experimental values of 𝑃 (from 3.10-3 to 25 MPa/s). Computations were stopped 
when the applied pressure reached the experimental value of the hydrogen-assisted failure 
pressure 𝑃!.  
 
(a) 
 
(b)      (c) 
Figure 4. (a) Example of deformed disk with enlarged view showing the Zone of Interest (𝑃=38 MPa and 𝑃=1 MPa/s), and the maximal principal stress and maximal strain rate repartitions. Maps of simulated (b) 
maximal principal stress, (c) equivalent plastic strain at the experimental 𝑃! values for different applied 𝑃. 
Figure 4 shows typical maps of mechanical fields at the end of the calculations. Figure 4a 
shows in the whole disk the distribution of the maximum principal stress and of the strain rate 
for 𝑃=1 MPa/s (𝑃!=38 MPa), with an enlarged view of the ZoI for fracture. In all cases the 
highest stress and strain values are localized in the ZoI. 
Due to elastoplasticity assumption, stress and strain fields do not depend on 𝑃. The local 
values at the end of the calculation, however, vary with 𝑃 because of the different final values 
of 𝑃! , as illustrated by Figure 4b-c. In the ZoI, for all 𝑃 values, the average equivalent plastic 
strain rate 𝜀! remains almost constant during the test (see Figure 5), with values varying 
typically from 10-5 s-1 (for 𝑃=10-3 MPa/s) to 10-1 s-1 (for 𝑃=10 MPa/s). As a consequence, 
non-rate material sensitivity is a reasonable assumption for pressure rates lower than 1 MPa/s. 
 
Figure 5. Variation of the average equivalent plastic strain rate in the ZoI for different applied pressures rate. 
4 Hydrogen transport modeling 
The details of formulations of hydrogen transport in the framework of continuum mechanics, 
accounting for instantaneous or transient trapping by dislocations, can be found elsewhere, 
together with the related numerical implementation procedures [13,24,25]. Only the main 
features are reported here.  
4.1 Analytical formulations of hydrogen transport and trapping 
Considering the total hydrogen concentration 𝐶 as the sum of a diffusive 𝐶!  (𝐶! = 𝑁!𝜃!) and 
a trapped 𝐶!  (𝐶! = 𝑁!𝜃!) part, related to their respective site density (𝑁!, 𝑁!) and occupancy 
(𝜃!,  𝜃!), the hydrogen transport resulting from mass conservation is described by the equation 
 𝜕𝐶𝜕𝑡 = 𝜵 ⋅𝝋	   (2) 
where the hydrogen flux 𝝋  accounting for the hydrostatic pressure 𝑃! can be written as  
 𝝋 = −𝐷!𝜵𝐶! − 𝐷!𝐶! 𝑉!𝑅𝑇𝜵𝑃!	   (3) 
which leads to  
 𝜕𝐶!𝜕𝑡 + 𝜃! 𝜕𝑁!𝜕𝑡 +   𝑁! 𝜕𝜃!𝜕𝑡 + 𝜵. −𝐷!𝜵𝐶! − 𝐷!𝐶! 𝑉!𝑅𝑇𝜵𝑃! = 0	   (4) 
The following values were used for iron: 𝐷!=1.27×10-8 m2/s, 𝑁!=8.46×1028 site/m3, and 𝑉!=2×10-6 m3/mol [1,8,26]. Trapping by dislocations is described by the phenomenological 
relationship between NT and the equivalent plastic strain 𝜀! as proposed in literature [8,27]:  
 log    𝑁! = 23.26− 2.33exp!!.!!! 	   (5) 
Due to large plastic strains reached in the disk area where hydrogen-assisted failure is 
triggered, trapping by dislocations is assumed prominent, and no other traps are considered in 
this work. 
When assuming 𝜃! ≪ 1, the trap occupancy evolution with time is described with the 
McNabb and Foster equation [28]   
 𝜕𝜃!𝜕𝑡 = 𝑝𝜃! 1− 𝜃!   –   𝑘  𝜃! 	   (6) 
where 𝑝 and 𝑘 are material-dependent parameters, respectively equal to 2.13×106 s-1 and 
5.63×10-3 s-1 [12,29]. 
For instantaneous trapping (𝜕𝜃! 𝜕𝑡 = 0), equation (6) provides a direct relationship between 𝜃! and 𝜃! (following Orianis work [11]) and equation (4) becomes 
 𝐶!(1− 𝜃!)+ 𝐶!𝐶! 𝜕𝐶!𝜕𝑡 + 𝜵. −𝐷!𝜵𝐶! − 𝐷!𝐶! 𝑉!𝑅𝑇𝜵𝑃! + 𝜃! 𝑑𝑁!𝑑𝜀! 𝜀! = 0	   (7) 
which was implemented in Abaqus code using UMAT and UMATHT procedures [24,25]. 
For transient trapping, numerical resolution was made in Abaqus after implementation of an 
analytical approximation of the solution of Equation (6), as shown in a recent paper [13].  
All implementations related to hydrogen transport permitted the simultaneous resolution of 
the mechanical and diffusion problems. This is of special importance in the context of disk 
bulging simulations, in which mechanical and diffusion related fields evolve simultaneously. 
4.2 Hydrogen boundary conditions 
To simulate the disk bulging under increasing hydrogen gas pressure, the initial-boundary 
value problem is solved from the simultaneous application of a constant pressure rise rate 𝑃 
and a hydrogen concentration 𝐶!! on the lower disk face submitted to the gas pressure. 
Assuming a Langmuir isotherm formulation, 𝐶!! is linked to the applied pressure by the 
relationship  
 
𝐶!!𝐶! = 𝜆 𝐾 𝑃1 + 𝐾 𝑃 (8) 
where 𝐾 is a material parameter equal to 1.27×10-2 Pa-1/2 [2,30]. 𝜆 is set so that for 𝑃=1 atm, 𝐶!! = 𝐶!, leading to 
 𝜆 = 1 + 110!.!𝐾 (9) 
The value of 𝐶! is chosen equal to 2.084×1021 atom/m3, as computed in [8,31] using the  
following Sivert Law as proposed in [32]  
 𝐶! = 1.989×10!" 𝑃 exp −Δ𝐻!𝑅𝑇  (10) 
considering Δ𝐻𝑠=28.6 kJ/mol [26]. 
5 Finite Element simulations of hydrogen transport during the 
DPT 
 
(a) 
 
(b)       (c) 
Figure 6. Maps of simulated (a) diffusive and (b) instantaneous or (c) trapped hydrogen concentration in the 
disks, for different 𝑃 values, at the pressure corresponding to the experimental fracture 𝑃𝐹.  
Two simulations have been performed to estimate the hydrogen repartition during the DPT, 
considering instantaneous or transient trapping. 
Figure 6a-b show the diffusive and trapped hydrogen fields computed with instantaneous 
trapping. As expected, the 𝐶! maps correlate with the 𝜀! ones, and Figure 6a clearly shows 
the influence of 𝑃 on the apparent diffusion front through the disk, due to higher trapping in 
the most deformed areas. For very low 𝑃 values, the 𝐶! concentration is not disturbed by the 
plastic strain, showing the apparent diffusion characteristic time is far greater than the 
deformation one, while for very high 𝑃 values, hydrogen transport is not fast enough to 
completely enter through the disk before its deformation. Between the two, as illustrated for 𝑃=1 MPa/s, the trapping process slows down the hydrogen transport front in the zone of 
interest, where the plastic strain is highest.   
The calculations with transient trapping showed negligible effect on 𝐶! maps, while sensible 
trapping reduction is visible on 𝐶! maps (compare Figure 6b and c). 
5.1 Identification of an hydrogen-dependent critical principal stress for fracture 
initiation 
(a)  
(b)  
Figure 7. Average maximal principal stress in the ZoI evolution with (a) the average trapped hydrogen 
concentration considering an instantaneous or a transient trapping and (b) the average diffusive hydrogen 
concentration considering a transient trapping. On graph (b) is also plotted the evolution of failure stress with the 
diffusible hydrogen concentration (see equation (11)). 
From each simulation, the average values of the maximum principal stress max𝜎!"#$ , the 
diffusive 𝐶!  and the total 𝐶!  hydrogen concentrations have been computed in the ZoI for 
the 𝑃! values (defined in Figure 4a). Figure 7 presents the evolution of max𝜎!"#$  vs 𝐶!  
and 𝐶! , considering an instantaneous or a transient trapping. 
Comparing transient and instantaneous trapping results on Figure 7a, it can be seen that max𝜎!"#$  increases with 𝐶!  when trapping is supposed instantaneous whereas it decreases 
for a transient one. As the material is non-rate dependent, instantaneous trapped hydrogen - 
directly related to the plastic strain - increases with the applied pressure, whatever the applied 
pressure rate. As a consequence, the predicted instantaneous trapped hydrogen is probably 
overestimated, especially for the highest pressure rate. Concerning diffuse hydrogen, both 
assumptions on trapping lead to the same tendency, i.e. decrease of max𝜎!"#$  with 𝐶! , 
which is consistent with an hydrogen embrittlement process.  
Last, it is worth noting that for 𝑃 values lower than few MPa/s, the Oriani’s assumption 
(instantaneous trapping) is sufficient to describe the hydrogen transport and trapping in the 
disk; for higher values of 𝑃, a kinetic trapping model is needed. 
The evolution of max𝜎!"#$  with 𝐶!  in the ZoI considering transient trapping (see Figure 
7b) is therefore proposed as a hydrogen-dependent stress criterion for initiation of 
embrittlement. From these numerical results, the evolution of failure stress with diffusible 
hydrogen concentration is modeled using the very simple following formulation 
 
𝐶! < 9.5𝐶!,      𝜎! = 640  MPa9.5𝐶! ≤ 𝐶! ≤ 15𝐶!,      𝜎! = −11.091𝐶!𝐶! +   745.9715𝐶! < 𝐶! ,      𝜎! = 580  MPa   MPa	   (11) 
which is illustrated by the dashed line on Figure 7b. 
This phenomenological approach may be roughly interpreted as a HEDE mechanism 
(Hydrogen Enhanced Decohesion) of hydrogen embrittlement, even if several other 
concomitant process may occur at the microstructural scale, such as HELP (Hydrogen 
Enhanced Localized Plasticity) [33,34], which is not considered here as the mechanical 
behavior does not depend on hydrogen here.  
5.2 Influence of the mechanical behavior on the 𝝈𝑹 𝑪𝑳  curve 
Figure 8 presents the evolution of the results presented in Figure 7, when the yield stress is 
modified to account for strengthening or softening material response. 
 
Figure 8. Influence of the yield stress on the evolution of the failure stress with the diffusible hydrogen 
concentration.  
As it can be seen, the influence of the yield stress on the 𝜎! 𝐶!  evolution is negligible. While 
the upper 𝜎! plateau remains unchanged (at 640 MPa), the lower one is decreased around 
565 MPa (for 𝜎! = 202  MPa) or increased to 590 (𝜎! = 260  MPa), i.e. 2-3%. As a 
consequence, in the frame of the present study modeling assumptions, strengthening or 
softening behavior compared to the reference one has a relatively low effect on the 𝜎! 𝐶!  
curve, and is not considered in the following. 
6 Application at the polycrystal scale 
In the above simulations, spatial variations of the different fields are very smooth inside and 
around the ZoI, due to the assumption of macroscopic material homogeneity. To estimate the 
effect of the polycrystalline nature of the material and of its mechanical anisotropy, refined 
3D simulations were made using crystal plasticity. 
6.1 Crystalline elastoplasticity:  
The anisotropic elasticity was described through the elastic constants: 𝐶!!=201923 MPa, 𝐶!"=40384 MPa, 𝐶!!=80769 MPa, computed from Young modulus and Poisson ratio with the 
standard relationships for cubic symmetry. 
The crystal plasticity is described by a classical viscous formulation [35] for numerical 
purpose only. The slip rate 𝛾! on the αth slip system is related to the resolved shear stress 𝜏! 
by a power-law relationship  
 𝛾! = 𝑎! 𝜏!𝜏!! 𝜏!𝜏!! !!!. (12) 𝜏!! is the critical resolved shear stress on the αth slip system, a!  is a reference strain rate, and n 
the regularization viscous exponent, chosen high enough to avoid viscous effects. The 
temporal evolution of 𝜏!! with the slip evolution on all the slip system is so that [36] 
 𝜏!! = ∑!ℎ!"𝛾! , (13) ℎ!! represent the self-hardening and ℎ!",!!! = 𝑞ℎ!! the latent one, with 
 ℎ!! = ℎ!sech! ℎ!𝛾𝜏! − 𝜏! , (14) 𝛾 = ∑!∫!!|γ!|dt represents the cumulated shear strain. ℎ!, 𝜏! and 𝜏! are material parameters, 
respectively corresponding respectively to the initial hardening rate, the initial and the 
saturated critical resolved shear stress. 
This behavior was implemented in Abaqus through the UMAT developed by Huang [37,38] 
which has been modify for the purpose of this study [15,24]. 
Only the 12 slip systems {110}〈111〉 for bcc structures were considered in the present study 
for sake of simplicity.  
The ℎ!, 𝜏! and 𝜏! parameters were identified by inverse method, by best fit of the average 
simulated response of a cubic 200 grains polycrystal submitted to a tensile test, with the 
Voce-type hardening law based curve. Uniform mixed-orthogonal (or block) conditions have 
been defined to model periodicity [39]. Grain orientations were defined by an ORIENT User 
Subroutine [40], using random sets of Euler angles (𝜑!,𝛷,𝜑!), assuming an overall isotropic 
texture. The resulting set of parameters was used: ℎ!=100 MPa, 𝜏!=110 MPa and 𝜏!=550 MPa (using 𝑞 = 1.1). As a compromise between computational time and non-viscous 
effects, 𝑛 has been chosen equal to 20. To avoid spurious effects due to local strain rate 
evolutions under viscous formulation, the value of 𝑎! has been adapted to keep constant the 
ratio between the local average strain rate and 𝑎!, given 𝑎!=10-3 s-1 for a local strain rate of 
10-5 s-1. 
6.2 Effect of crystalline anisotropy on mechanical and hydrogen fields 
 
Figure 9. Polycristal setup; the (𝑟, 𝑧) plane corresponds to the axysimetric computations (see Figure 4a). 
A 100 grains cubic polycristal has been considered the ZoI, using Neper software [41] to 
generate a Voronoi tessellation. It was embedded, except on its lower face in contact with 
hydrogen gas, in a homogeneous layer to properly transmit the boundary conditions from the 
above disk macroscopic simulation. The polycristal is shown on Figure 9. Its size is 1003 µm3, 
while the homogeneous layer thickness is 12.75 µm. 
The polycrystal was meshed using 57236 hexahedral elements, and an overall isotropic 
texture made of a (𝜑!,𝛷,𝜑!) Euler angles random set was generated and set constant for all 
of the computations. 
Boundary conditions have been set using a python script for a submodeling-like process. For 
each external node, the polar coordinates are computed to get an equivalent location in the 
macroscopic 2D-axixymetric model. The evolution of the displacement with time, on that 
location, is defined by an interpolation of the results obtained on the closest nodes of the 2D-
axisymetric model. The same process is made for the diffusive hydrogen concentration, but 
the boundary condition transfer is limited on the upper and lower faces of the polycristal 
(𝑧!"# and 𝑧!"#, see Figure 9); on the other faces, a 0 normal diffusive hydrogen flux is 
imposed. 
  
(a) (b) 
  
(c) (d) 
Figure 10. Repartition of (a) CL/C0, (b) CT/C0, (c) the maximal principal stress and (d) the equivalent plastic 
strain for 𝑃 = 0.1  𝑀𝑃𝑎/𝑠 and 𝑃 = 38  𝑀𝑃𝑎,. For the sake of illustration, ¼ of the undeformed polycrystal (see 
Figure 9) has been removed. 
All hydrogen related parameters were the same as for the macroscopic simulations, except the 
trapped density, which was set as  
 𝑁!!"#$ = 0.57𝑁!!!"! (15)  
where 𝑁!!"#$ and 𝑁!!!"! are the trap density at the crystal scale and at the macroscopic one 
respectively. The value 0.57 is a corrective factor introduced, as a first approximation, to 
ensure the consistency of the average diffusion and trapping process between a polycrystal 
and an equivalent homogeneous medium, which was shown in a recent paper [24] not to be 
quantitatively obtained.  
6.3 Effect of crystalline anisotropy on mechanical and hydrogen fields 
The different fields in the polycrystal are plotted on Figure 10. As expected, they exhibit 
heterogeneities induced by the various crystal orientations in the ZoI.  
The influence of the mechanical anisotropy on the 𝐶! and maximal principal stress values is 
shown on Figure 11, for the two extreme applied pressures rates (25 and 0.001 MPa/s). Two 
computations are considered, using the same mesh: one using polycrystalline plasticity (see 
Figure 10) and one using homogeneous elastoplasticity. At each mesh Gauss point, the fields 
obtained in the two computations are compared, and their ratios are plotted in term of 
frequency.  
Figure 11 compares the distribution of the maximal principal stress and of the diffusive 
hydrogen concentration throughout the ZoI for two pressure rate values. A significant larger 
spreading of the results can be noticed, which can reach up 50% for the maximal principal 
stress, and up 25% for the hydrogen concentration.  
 
Figure 11. Ratio of the maximal principal stress and diffusive hydrogen in the case of instantaneous trapping for 
an applied presure rate of 25 MPa/s and 0.001 MPa/s. A ratio equals to 1 means that the mechanical 
heteorgeneities induced by the polycrystalline features do not affect the considered fields, compared to the 2D 
axisymetric computation.  
As a consequence, the risk of failure (i.e., the probability to get a point with high stress and 
hydrogen concentration values) may sensibly increase when considering the material 
mechanical anisotropy. Using equation (11) from Figure 7b to compute the failure stress on 
each Gauss point of the polycrystalline aggregate from its corresponding 𝐶! value permit to 
estimate the induced dispersion (compared to the macroscopic results of section 5.1) of the 
failure stress for various applied pressure rate (Figure 12). 
For low applied pressure rate, the 𝐶! values in the polycrystal leads to a failure stress close to 
its minimal value, following equation (11). For high 𝑃 values, which induce lower 𝐶! values, 
huge variations of the failure stress are found throughout the polycrystal Gauss Points.  
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Figure 12. Failure stress variation with the hydorgen content in the polycrystal from the submodeling approach. 
The dashed black line represent the phenomenological formulation given on equation (11) (see Figure 7b). 
Conclusions 
In this study, FE simulation of the disk bulging under hydrogen pressure up to fracture 
initiation by HE has been performed at the macroscopic scale under isotropic elastoplasticity, 
with submodelling with 3D polycrystalline aggregate in the zone of interest for fracture. 
The simulation permits to solve simultaneously the mechanical and diffusion initial boundary 
value problems, based on the development and implantation of user procedures and python 
scripts in FE Abaqus code. Hydrogen transport involved phenomenological accounting of 
lattice diffusion and trapping by dislocations, considering instantaneous or transient trapping.  
The results show the capacity of the simulations to evidence the effect of the applied pressure 
rate on the apparent hydrogen diffusion front in the plastically deformed areas, as a result of 
the competition between diffusion and deformation rates. 
The experimental values of pressure fracture under hydrogen for various applied pressure 
rates obtained by DPT on Armco iron have been used to identity by inverse method a 
hydrogen-dependent critical stress for HE in the zone of interest depending on the average 
local diffusive hydrogen concentration. To obtain a decrease of the average maximal principal 
stress with the increase of the trapped hydrogen concentration, consistent with an expected 
HE process, transient trapping was shown to be more relevant than the Oriani’s assumption of 
instantaneous trapping.  
The choice of diffusive or trapped hydrogen as the driving relevant parameter of 
embrittlement process is still an open question, far beyond this study. Nevertheless, numerical 
tools such as the ones used in the present paper are useful for sensitivity studies, provided 
realistic data. Further work is needed to improve the description of the DPT and/or the 
hydrogen effects in the implemented constitutive laws.  
Submodelling of the zone of interest by a polycrystalline aggregate obeying crystal plasticity 
permitted to estimate the dispersion induced by the crystal anisotropy and the consequence on 
the statistical analysis of the risk of failure by HE. This is a first step towards accounting 
microstructural parameters and hydrogen-material interactions mechanisms in a multi-scale 
approach, which needs further developments and experimental validations.. 
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